Bees provide an excellent model with which to study the neuronal and molecular modifications associated with the evolution of sociality because relatively closely related species differ profoundly in social behaviour, from solitary to highly social. The recent development of powerful genomic tools and resources has set the stage for studying the social behaviour of bees in molecular terms. We review 'ground plan' and 'genetic toolkit' models which hypothesize that discrete pathways or sets of genes that regulate fundamental behavioural and physiological processes in solitary species have been co-opted to regulate complex social behaviours in social species. We further develop these models and propose that these conserved pathways and genes may be incorporated into 'social pathways', which consist of relatively independent modules involved in social signal detection, integration and processing within the nervous and endocrine systems, and subsequent behavioural outputs. Modifications within modules or in their connections result in the evolution of novel behavioural patterns. We describe how the evolution of pheromonal regulation of social pathways may lead to the expression of behaviour under new social contexts, and review plasticity in circadian rhythms as an example for a social pathway with a modular structure.
INTRODUCTION
Insect societies represent one of the major transitions in evolution [1] and have attracted the attention of biologists for centuries. Darwin [2] noted that insect societies provide some of the most difficult challenges to the theory of natural selection operating on individuals. In his words: 'Can we consider the sting of the wasp or of the bee as perfect, which, when used against many attacking animals, cannot be withdrawn, owing to the backward serratures, and so inevitably causes the death of the insect by tearing out its viscera?' ( [2] , ch. VI, 'Difficulties to the theory', p. 202). He addressed this and other difficulties posed by the biology of social insects by suggesting that natural selection acts also at the group (colony) level: ' We can see how useful their production may have been to a social community of insects, on the same principle that the division of labour is useful to civilised man' (p. 242). Since Darwin's time, there has been much debate about the ultimate causes underlying the evolution of social behaviour, resulting in the development of insightful theories such as kin and multi-level selection (e.g. [1, [3] [4] [5] ). Because phylogenetic studies indicate that the solitary lifestyle is the ancestral state, it is assumed that social animals evolved from solitary ancestors [6] . In order to fully understand how natural selection may have been operating to produce this transition, it is necessary to elucidate the proximate mechanisms by which the behaviours of a solitary animal were modified to produce complex social behaviours, such as those underlying division of labour, colony defence and nest construction.
With the development of new genomic tools and resources, it is now possible to employ a comparative approach for understanding the molecular basis of social behaviour within species, and how these behaviours evolved from solitary ancestors [7, 8] . A similar approach has been particularly powerful in the field of developmental biology, in which it was shown that reorganization of a core set of regulatory genes has led to a stunning diversity of structural forms [9] . The 'sociobiological evo-devo approach' attempts to characterize suites of genes and molecular pathways and test their association with social behaviour. Thus far, most comparative genomics studies have focused only on species with well-developed genomic resources (such as the honeybee and Drosophila), but with the increasing accessibility of genomic information, more relevant comparisons between taxonomically related solitary and social species will become feasible.
While it is possible that novel social behaviours evolved de novo as the result of the appearance of new genes, it seems more likely that discrete pathways that regulate specific behaviours in solitary species have been co-opted to regulate complex social behaviours in social species; this theory underlies the development of various ground plan and genetic toolkit models for social evolution, which have received support from several empirical studies (box 1, see below for further discussion). We further propose that in order to fully understand the evolution of sociality, it is necessary to characterize complete pathways that are involved in social behaviour (hereafter abbreviated as social pathways). We hypothesize that social pathways are modular, and consist of the detection of social signals, the processing of the information conveyed by these signals in the peripheral and the central nervous system and subsequent behavioural outputs (see below). Modifications within modules or in the way modules interact with each other can lead to changes in behaviour and in the context under which it is expressed, and thus can give rise to the evolution of new forms of social behaviour. These models will not only help structure future studies of the evolution of social behaviour in bees, but may also serve as a framework for other behavioural systems in which animals respond to environmental stimuli or signals from other individuals (e.g. courtship and mating, aggression, predator-prey interactions).
INSECT SOCIETIES
Social insects, and bees in particular, provide an excellent model system with which to study the evolution of sociality because there is a broad range of taxonomically related species that encompass all levels of sociality, from species with essentially solitary lives all the way to eusocial species with colonies of thousands of highly specialized individuals (figure 1). Furthermore, there are clear effects of genes and social environment on both the social behaviour of individuals and the social organization of the group. Therefore, insect societies provide an excellent model system with which to dissect the effects of nature and nurture on complex behaviour [10 -15] .
One of the hallmarks of insect societies is a profound bias in reproduction. Some individuals in the Box 1. Terms used in the manuscript (in alphabetical order).
Alloethism Task specialization by different members of a colony of social insects that is related to variation in body size. Caste A group of individuals displaying a distinct morphological, physiological and behavioural phenotype that specializes on a particular task or set of tasks in a polymorphic social species. Circadian rhythm A repeating cycle with a period of approximately 24 h. Circadian rhythms are generated by endogenous processes but can be entrained/ adjusted by external cues. Developmental modules Modules that are involved in the developmental processes generating the form and function of the structures and networks necessary for the execution of a phenotype, including a social behaviour. Division of labour Specialization of individuals within a social group on specific tasks (see also polyethism and alloethism). Eusociality A form of social organization in which groups of conspecifics display cooperative care of young, overlapping generations and reproductive division of labour. Functional modules Modules associated with defined and different functions. For example, in a social pathway, the detection of social signals, the processing of the information conveyed by the social signals or the regulation of exocrine functions. Genetic toolkit Set of genes with specialized and conserved molecular function (e.g. transcription factors) that is involved in the regulation of similar phenotypes across a wide variety of species and can acquire new or additional functions during evolution to regulate novel physiological or behavioural phenotypes. Gonadotropic Acting on or stimulating the reproductive organs; in social insects, this refers primarily to ovary activation. Ground plan Molecular pathways regulating fundamental physiological processes that acquire new or additional functions during evolution to regulate novel physiological or behavioural phenotypes. Microarray Genomic technology in which thousands of probes, corresponding to DNA with specific nucleotide sequences, are spatially distributed in an organized array. DNA, RNA or cDNA from a sample can be hybridized to the microarray to measure the relative abundance of these nucleotide sequences in the sample. Expression microarrays thus allow analysis of expression levels of thousands, potentially all, of genes in the genome. Module A set of components (e.g. genes, proteins, cells) that are strongly connected and have relatively weak connectivity to other components or modules. Modules could be subject to divergent evolutionary forces and therefore evolve relatively independently (see also physiological modules, functional modules and developmental modules). Pheromone Chemical signal that stimulates a stereotyped response in another individual of the same species. Responses are typically instinctive and not learned. Physiological modules Modules that are involved in the regulation of cellular, neuronal and endocrine processes necessary for the execution of a phenotype, including a social behaviour. Polyethism Task specialization by different members of a colony of social insects; tasks can be segregated among individuals by age (age polyethism) or morphological differences (caste polyethism). Polyphenism The ability of a single genome to produce two or more alternative phenotypes (e.g. morphologies) within a single population in response to environmental cues such as photoperiod, temperature, nutrition or social signals. Primer pheromone Chemical signal that elicits a long-term change in physiology and/or behaviour. Quantitative trait locus (QTL) A DNA region (which may contain several genes) that is statistically associated with a specific quantitative phenotypic trait. Releaser pheromone Chemical signal that triggers a rapid behavioural response (of the order of seconds or minutes). Social pathway The molecular, physiological and cellular components involved in detecting a social signal, processing the information and orchestrating an appropriate behavioural output. Each step of the process may be regulated by a relatively independent 'module'. At the molecular level, the social pathway may encompass genetic toolkits or ground plans.
colony (typically the queens) are extremely fecund, whereas others (the workers) are sterile or have relatively low reproductive potential. In primitively social species, adult females compete for reproductive dominance; subordinate females typically do not reproduce but rather perform brood care, nest maintenance or foraging activities. In more advanced social systems, females can develop into either queens or workers via alternative developmental processes (known as caste differentiation) that are initiated during pre-adult stages. In species with relatively small-sized colonies, regulation appears to occur mainly through physical aggression, while in larger colonies, regulation is commonly via pheromones. However, differential nutrition, genetic variation and environmental factors have been also implicated in caste determination, mostly in studies with ants [6, 16] . A second organization principle is a division of labour among workers specializing in different activities (e.g. brood care, guarding the nest entrance and foraging for food). In bees, division of labour is most commonly related to age (age polyethism) or size (alloethism). Age-related division of labour has been best studied in honeybees (reviewed in [17, 18] ). In this system, young workers typically specialize in brood care ('nursing') and other in-hive activities, while older bees perform activities outside the nest such as guarding and foraging. Size-based division of labour is common in bumblebees, and is characterized by profound morphological polymorphism with up to ninefold differences in body size [16] . Large individuals are more likely to perform foraging activities, and may start foraging as early as at their first day as adults, while small bees tend to perform in-nest activities. Recent studies demonstrated that large workers are better suited for foraging activities because they have more sensitive sensory detection systems and stronger circadian rhythms [19] [20] [21] . These functional differences between small nurses and large foragers are probably determined by pre-adult developmental processes, which are reminiscent of the caste polymorphism division of labour found in many species of ants [22] .
Both reproductive and worker division of labour require the development of elaborated communication systems between the individuals in a colony. Information can be conveyed by distinct chemical, vibratory, visual or auditory signals, and can involve the simultaneous use of several modalities [6] . Social bees, particularly those with larger colony sizes such as honeybees, use a broad array of pheromones to organize the activities of the individuals in a colony. Pheromones are chemical signals that convey information between individuals within a species, and can trigger immediate short-term behavioural changes (releaser pheromones) or long-term changes in physiology followed by behavioural changes (primer pheromones). Pheromones are used to regulate both reproductive and worker division of labour in many systems, as well as other colony activities such as nest defence.
GROUND PLANS AND TOOLKITS
Genes associated with social behaviour in bees have been identified by three main complementary approaches, which have been applied most broadly in honeybees. Candidate gene approaches (using orthologues of genes found in more genetically tractable systems, such as Drosophila melanogaster) have resulted in the characterization and manipulation of key genes, such as the foraging ( for) and vitellogenin (Vg) genes that are relatively conserved across species. Genomic approaches, such as quantitative trait locus (QTL) mapping, microarrays, differential display and proteomics, have identified large sets of genes that are associated with social behaviour, but there is typically little information on their molecular function in bees. Finally, genetic and molecular analyses of honeybee populations differing in their social behaviour-either owing to natural variation or artificial selection-have identified genes or genetic loci associated with reproduction and foraging preference [23] [24] [25] .
One of the important insights emerging from these molecular studies is that honeybee social behaviour may have evolved from modifications in conserved molecular pathways regulating the physiology and behaviour of solitary species. These conserved pathways are commonly referred to as 'ground plans' [26] [27] [28] or 'genetic toolkits' [8] . There are excellent reviews on the social behaviours that are associated with molecular modifications in conserved gene networks regulating reproduction, longevity, food gathering and diapause in solitary insects [8, 14, 24, 29, 30] . We therefore review these lines of research briefly below. The molecular basis for 'social foraging' behaviour has been well-characterized, and has led to important insights into the evolution of this pathway. This system is also a good example of a 'social pathway' ( §4), in that it appears that similar behaviours (foraging) are triggered by different cues in solitary versus social species. In solitary species that do not engage in brood care, foraging is required for personal consumption and triggered by hunger signals. In solitary species that engage in brood care, foraging is also used for offspring provisioning and presumably stimulated by cues from the brood. In honeybees, social foraging is regulated by the colony's nutrition needs (which includes signalling via pheromones produced by the brood [31] ), and is carried out by forager bees who do not engage in brood care or reproduction. The ontogenic transition from nest activities to foraging is associated with modifications in key physiological processes including changes in haemolymph titres of juvenile hormone ( JH), brain levels of the neuromodulator octopamine and metabolic traits such as lipid levels [17, 32, 33] . Similarly, there are genetic and physiological differences between foragers that specialize on nectar versus pollen, including differences in levels of JH and ovariole size [24, 29] . One of the key questions in the evolution of division of labour in honeybees is whether the molecular factors that regulate social foraging are associated with food-gathering behaviour in solitary species.
Candidate gene studies have revealed that some of the genes that are differentially expressed between nurse and forager honeybees are functionally conserved in solitary insects. For example, the foraging ( for) gene, which encodes protein kinase G and is upregulated in foragers, is associated with foraging behaviour in Drosophila, Caenorhabditis elegans, ants and mammals (reviewed in [34] ). Additional genes involved in feeding-related pathways in solitary insects have been linked to social foraging, including malvolio [35] , insulin-signalling genes [36] and carbohydrate metabolism genes [37] . Peptides that are involved in regulating food intake in solitary insects are also involved in social foraging in honeybees, but interestingly are not linked to ingestion [38] . In addition to these candidate gene studies, microarray comparisons of the brain expression patterns of nurses and foragers revealed significant differences in expression levels of more than 3000 genes, many of which are associated with cell signalling, neuronal development and metabolism [39] . Importantly, large subsets of these genes are regulated by factors known to regulate the transition from nest activities to foraging, such as pheromones or hormone levels (e.g. [40, 41] ). Thus, these genes may be involved in regulating the transition to foraging-rather than being differentially expressed as a result of foraging behaviour-but their function in food-seeking behaviour in solitary species is largely uncharacterized.
Pathways regulating reproductive physiology appear to be another target for social evolution [27, 28, 42] . Some of the first data leading to this idea were obtained in studies on the endocrine regulation of division of labour in honeybees. These studies showed that JH, which functions as a major gonadotrophic signal in solitary insects, regulates worker behavioural maturation but not oogenesis in the adult honeybee (reviewed in [32, 43, 44] ). In solitary insects, JH typically upregulates the fat body biosynthesis and accumulation in developing oocytes of the conserved yolk protein vitellogenin (Vg) [45, 46] . JH activates Vg biosynthesis in honeybee pupae [47, 48] , but in adult bees, JH suppresses Vg gene activity [49] and Vg suppresses JH titres [29] . RNA interference-mediated downregulation of Vg caused bees to forage earlier in life [50] . These findings suggest that a network involving JH and Vg was co-opted to regulate worker task (division of labour) in the adult honeybee. Since JH also appears to regulate adult oogenesis in other bee species, including bumblebees, the modification in this network in this bee lineage may have occurred after the divergence of bumble-bees and honeybees at about 60-70 Ma and may not be a general mechanism for regulating division of labour in bees [32] . It is not yet known whether JH is more strongly associated with reproduction or division of labour in stingless bees, the other major group of highly eusocial bees [51] . However, in ants and wasps, there is also a similar variability in which JH is associated with reproduction in some species and with age polyethism in others [32] . Recent evidence suggests that JH regulatory pathways are involved in other forms of morphological polyphenism in solitary insects [52] and thus JH-regulated molecular pathways may represent a common target for the evolution of polyphenisms in insects.
In addition to their role in regulating age polyethism in honeybees, reproductive pathways may have also been co-opted to regulate foraging preference in honeybees. Artificial selection of lines of honeybees for high versus low levels of pollen hoarding revealed that high pollen-hoarding lines also had higher proportions of pollen foragers and an earlier transition to foraging, indicating that the processes regulating the transition to foraging and forager specialization are linked [53] . There is also a suite of correlated differences in sensory physiology and locomotion, which is also seen in typical unselected ('wild-type') colonies in which pollen foragers are similar to bees from the selected high pollen-hoarding line, and nectar foragers are similar to bees from colonies selected for low pollen hoarding (reviewed in [29, 30] ). Both workers from high pollen-hoarding colonies and pollen foragers from unselected colonies have ovaries with more ovarioles and higher titres of Vg [54] . This association of foraging behaviour/preference and reproductive physiology is consistent with the 'reproductive ground plan' hypothesis, which states that task specialization evolved through modification in molecular pathways regulating the reproductive cycle of solitary insects [26, 42] . However, it will be important to study additional social species and to demonstrate that these traits are indeed correlated in solitary bee species.
QTL mapping of the high and low selected pollenhoarding lines identified four major QTLs that have complex pleiotropic and epistatic interactions, and account for much of the observed behavioural and physiological variation. Mapping these QTLs to the honeybee genome revealed that they encompassed a disproportionately high number of orthologues to genes involved in reproduction and insulin signalling in Drosophila, as well as the for gene and the receptor for tyramine, a biogenic amine that may play a role in regulating sensory responsiveness (reviewed in [24, 30] ). Two candidate genes, PDK1 and HR46, have subsequently been associated to ovarian development [55] . In solitary insects, the insulin/insulin-like signalling (IIS) pathway acts upstream of JH and ecdysteroid-mediated regulation of sensory tuning and reproductive physiology [56] , and thus, the IIS pathway may play an important role in this system. Additional studies are necessary to test the expression pattern and function of each of the genes in these QTLs in relation to division of labour and reproduction. The hypothesis that ovarian physiology regulates division of labour was recently challenged, since no differences in task specialization were found between strains of honeybees that vary in reproduction capacity [57] . These findings suggest that the links between ovariole number and foraging behaviour are not always detected or present. Moreover, in solitary bees that provision their brood, the networks regulating foraging and reproduction may need to operate simultaneously (and not separately at different phases of a reproductive cycle) because actively nesting females are foraging. Thus, further investigations on the generality of this model in highly social bees, as well as additional information on the physiology and molecular biology of reproduction in solitary bees, are needed to better understand the relationship between ovarian physiology and foraging behaviour.
An additional hallmark of the division of labour in insect societies is the care of siblings (not offspring) by workers, which led to the theory that sib-care behaviour evolved from maternal behaviour [27, 42] , and thus these two processes may be regulated by similar pathways [28, 58] . Studies with the primitively social paper wasp Polistes metricus support this hypothesis. Female paper wasps show several natural behavioural states that differ in the combination of brood care and reproductive behaviours. Foundresses and queens are reproductively active whereas gynes and workers are not. The pattern of brain gene expression in workers was more similar to that in foundresses, which show maternal care, than to that in queens and gynes, which do not. Genes of the IIS pathway were among the differentially regulated genes, consistent with the hypothesis that this pathway played a critical role in the evolution of eusociality in the hymenoptera [59] . Similarly, in honeybees, microarray analysis of the brains of queens, sterile workers and workers with activated ovaries revealed that genes associated with caste/reproductive differences significantly overlapped with genes associated with nursing behaviour [60] .
In many social insects, queens are not only highly fecund but also long lived. Workers, on the other hand, are typically sterile and relatively short lived. This relationship differs from most animals in which there is a trade-off between reproduction and longevity [61, 62] . The IIS pathway is involved in the integration of ageing and fertility in vertebrates and invertebrates [63] . Recent studies support the notion that Vg and insulin signalling are also involved in the regulation of longevity in the honeybee [64, 65] , and queens and workers differ significantly in the expression of genes associated with metabolism, oxidative pathways and immunity [60] . Corona et al. [64] hypothesized that insulin signalling plays a prominent role in the regulation of longevity in honeybees as in other insects, but the traditional relationship between nutrition and IIS is reversed in that high nutritional status inhibits the secretion of insulin-like peptide. Thus, well-fed queens have lower IIS signalling compared with workers.
SOCIAL MOLECULAR PATHWAYS
The findings reviewed above revealed a surprising degree of conservation between the molecular pathways regulating behaviour in solitary insects and social behaviour in social insects. But how are these pathways re-organized to produce social versus solitary behaviour? Social behaviour is elicited in response to stimuli from other individuals, and thus these conserved ground plan pathways must be in some way connected to the detection of social signals. We suggest that these ancient molecular pathways are encompassed by social pathways, in which there is a directional flow of information. The pathway starts with the detection of a social signal, subsequent processing and integration of the information conveyed by the signal, and ultimately resulting in a behavioural output (or the inhibition of a behaviour normally performed in a solitary species under certain contexts). We suggest that social pathways commonly include several relatively independent modules, which display strong connectivity within each module and relatively weak connectivity among modules, thereby enabling functional flexibility. These modules could be under different selection pressures and thus serve as the building blocks for evolution [66 -68] .
How are the modules of a social pathway organized? At the higher, functional level, a social pathway would consist of a sensory module (e.g. pheromone receptor neurons) that detects the relevant social signal(s), sensory integration modules that process the information conveyed by the social signal (e.g. glomeruli in the antennal lobes), higher integration modules such as neuronal circuits and endocrine systems (e.g. a neuronal network in the mushroom bodies) and motor-controlling modules that regulate the execution of a socially relevant behaviour (e.g. brood care). These high-level functional modules contain nested lower level modules, including physiological and developmental modules [66 -68] . Physiological modules (such as JH signalling pathways) regulate cellular, neuronal and endocrine processes, while developmental modules (such as pathways regulating worker body size or caste differentiation) regulate the form and function of the structures and networks necessary for the execution of social behaviour. Importantly, low-level modules are those in which genes (or proteins) interact to form gene networks and signalling pathways. These genes and gene networks may be conserved, and thus can be compared between species or individuals that differ in their social behaviour. It should be noted that regulatory gene networks and signalling pathways can be involved in several functional modules in the same way that hox genes and Delta -Notch pathways are repeatedly used for the development of diverse morphological structures [66] . The term social pathway does not imply a single unidirectional route. Rather it may include bifurcations or points in which several pathways converge. For example, several sensory modules can converge into a single sensoryprocessing module, and a high-integration module can affect several downstream motor-controlling modules (figure 2). A similar complexity in connectivity can also occur among protein and gene network modules.
What are the molecular mechanisms by which the connections between modules in a social pathway may be reorganized? New genes may have evolved (e.g. by gene duplication) that regulate or connect conserved modules; this seems likely in the case of sensory modules for olfactory signals, since there can be considerable diversity of olfactory receptor sequences even among related species [69] . Alternatively, expression patterns of existing genes may be altered by changes in protein structure/function or cis-regulatory regions, which allow these genes to be expressed in novel contexts allowing for the reorganization of connections between modules [70] [71] [72] . Epigenetic regulation, which occurs without any changes in DNA sequence, can also alter expression patterns of a gene (or suite of genes) involved in regulating a particular module or forming connections between modules. Epigenetic regulation may be caused by modifications to DNA or chromatin (the DNA-protein complex in chromosomes) structure, which alter the transcriptional potential of certain genes or chromosomal regions [73] . There is evidence that epigenetic regulation associated with DNA methylation is involved in caste determination, one of the key processes in the evolution of advanced insect societies [74, 75] . DNA methylation has been shown to be involved in integrating social signals and result in long-term behavioural changes in rodents [76] , but its function in regulating behaviour in social insects remains to be fully characterized [77] .
The social pathway may be a useful conceptual framework for studying how an 'ancient' ground plan pathway was modified to give rise to diverse forms of social behaviours. Comparative analyses of social pathways can be used for identifying parts of the pathways that diverge between species differing in their social behaviour. An effective study of social pathways therefore requires the availability of molecular and Figure 2 . A schematic of a social pathway. From a functional perspective, a social pathway includes sensory modules (S), sensory integration modules (SI), higher integration modules (I) and modules regulating effecter mechanisms such as motor control or exocrine glands (O). Each of these functional modules consisted of nested molecular modules (insert, note that specific genes can be involved in more than a single module). The molecular modules can be developmental or physiological (see text and box 1 for details). Light grey circles outline functional modules, arrows depict the flow of information, small circles within the insert depict individual genes (or proteins) and lines connecting the small circles depict activation (diamond end) or inhibition (line end) of gene (or protein) activity. The dotted line depicts a social signal directly activating integration modules, bypassing sensory integration (see text for details). a, a point in which two pathways converge; b, a point of bifurcation.
genomics resources for related insects differing in their social behaviour. The evolution of a certain social behaviour can be associated with modifications in the interactions among modules or by changes within modules that change their function. One of the ways in which such a change can occur is by expressing a behaviour in a new (social) context [27, 42] . From a social pathway perspective, this means that a sensory module that detects a social signal evolved to be linked to an ancient ground plan pathway. For example, social brood care could have evolved because a sensory module that detects brood signals has been connected to the ancient modular pathway that is associated with food seeking or processing in solitary insects, but the remainder of the pathways may remain mostly intact. Indeed, studies in honeybees and Drosophila have suggested that the for gene underlies food-related locomotion in both species, but it is regulated by factors associated with the division of labour in honeybees [78] . Similarly, the biogenic amine octopamine is implicated in feeding and food-related activity in several solitary insects [79, 80] and in social foraging in honeybees [81] .
Social pathways can be also modified such that a similar social signal evolved to regulate different social behaviours. We recently used the social pathway framework in a comparative study on the social behaviour of bumble-bees (Bombus terrestris) and honeybees (Apis mellifera). In honeybees, queen pheromone inhibits worker reproduction and slows down behavioural maturation of the worker bees; this latter process is probably modulated by pheromone-mediated regulation of JH levels [82, 83] . In the bumble-bees, the presence of the queen-which is communicated by behavioural and possibly chemical signals [84, 85] -inhibits worker reproduction via decreased JH levels, but was suggested to have no effect on division of labour [86, 87] . In both species, the presence of the queen is associated with a decrease in JH biosynthesis rates [88, 89] , and therefore requires a pathway linking the sensory system detecting the queen signal with the regulation of the corpora allata, the endocrine glands that synthesize and release JH (figure 3). JH has pleiotropic effects and the pathways downstream of JH are predicted to at least partially diverge in order to accommodate the differential influences on division of labour and reproduction in adult workers of the two species. We hypothesized that by comparing gene expression patterns across the two species, it should be possible to identify genes that are sensitive to the social environment versus genes that are directly linked to the downstream behavioural changes. We examined the expression patterns of a transcription factor, Krüppel-homologue 1 (Kr-h1), to test this model. Kr-h1 expression is downregulated in honeybee workers upon exposure to queen pheromone, and upregulated in foragers [40, 90] . In the bumblebee, Kr-h1 levels were similarly downregulated by the presence of the queen or the dominant worker. Kr-h1 levels were also associated with JH-mediated changes in reproductive state, but elevated levels were not associated with foraging behaviour [91] . Thus, it is possible that Kr-h1 is a part of a JH signalling pathway that in social bees is linked to social regulation, but was differentially co-opted during social evolution of bumble-bees and honeybees (figure 3). However, owing to the large pleiotropic effects of JH on insect physiology, further studies are necessary to determine whether the mechanisms by which JH and Kr-h1 interact are similar in the two species.
PHEROMONE-REGULATED SOCIAL PATHWAYS
The studies reviewed above suggest that the molecular pathways involved in key physiological processes in solitary insects have been modified in social insects, such that they are activated by social signals and therefore expressed in a novel social context. In order for a molecular pathway to be expressed in a social context, it needs to be linked to sensory systems associated with social communication. Communication can occur via multiple modalities, but pheromonal communication is particularly widespread and sophisticated in insects (reviewed in [92, 93] ). The evolution of social pathways regulated by pheromonal communication The social inhibition of JH biosynthesis by the corpora allata is similar in bumble-bees and honeybees, but the influence of JH on worker behaviour differs between the two species. Krüppel homologue 1 (Kr-h1) is a transcription factor that appears to be involved in the conserved part of the pathway. The arrows depict the flow of information, dotted arrows are hypothetical and the white boxes depict modules in which gene expression or activity can be studied.
requires the development of multiple pheromone (exocrine) glands, a sensory system that can decode and process multiple pheromonal signals, and the linkage of this sensory system, via processing modules, to downstream behavioural modules that regulate reproduction, brood care, nest construction, defence and/ or foraging. Pheromone detection can lead to neurophysiological changes that result in the production of a specific behaviour, or changes in sensory thresholds that result in altered behaviour under different contexts. Below we discuss the putative modules of pheromonally regulated social pathways, and highlight examples in honeybees in which the modules or the connections between the modules of these pathways appear to have been altered to produce a different behavioural response. There can be considerable variation in the production of pheromonal signals, which can affect the meaning of the chemical signal. For example, the reproductive state of the honeybee queen is associated with variation in the pheromones she produces; queens that have a higher reproductive potential appear to signal this to the workers [94, 95] . Modulation of pheromone biosynthetic pathways is also associated with caste differentiation in honeybees. Queens produce a specific pheromone blend in their mandibular glands (five components of which are termed 'queen mandibular pheromone', or QMP). Modifications in these biosynthetic pathways, presumably via modulation of gene expression, result in the production of a different blend in workers. Furthermore, queenless and reproductive workers can produce queen-like pheromone blends, demonstrating that these changes in biosynthetic pathways are plastic and regulated by the social environment [96 -98] .
A pheromone-regulated social pathway requires the detection of the chemical signal by receptors in the peripheral chemosensory systems. Binding of the pheromones to specific odorant receptors results in the activation of receptor neurons, which subsequently modulates downstream neural networks. These neurophysiological changes in the central nervous system are thought to result in downstream behavioural or physiological changes (reviewed in [69, 99] ). Sequencing of the honeybee genome has identified numerous olfactory receptors [100] , most of which do not have any known function, though one (AmOR11) was recently demonstrated to detect 9-ODA, the major component of queen pheromone [101] .
There is also some evidence that pheromones can interact directly with neuronal networks in the central brain (dotted line in figure 2 ). In Drosophila, male accessory gland proteins that are transferred to the female during copulation pass from the reproductive tract into the circulation system and affect female behaviour, perhaps by interacting with receptors in the central nervous system (reviewed in [102] ). In honeybees, one of the components of QMP, homovanillyl alcohol (HVA), has a similar structure to the biogenic amine dopamine and appears to interact directly with and activate dopamine receptors in the worker bee brain [103] [104] [105] . Since worker bees do lick and consume queen pheromone as part of a behavioural response to the pheromone, it appears that this component may be directly altering activity of a neuronal network rather than acting via receptors and processing in the olfactory system. Thus, based on the social pathways model, HVA may have evolved to bypass the sensory detection system and act directly on neuroprocessing pathways (figure 2, see also [106] ).
In order to understand how pheromone-regulated social pathways may be modulated, it is necessary to first characterize the molecular responses to the pheromonal signal. Pheromones may cause changes in endocrine or neuroendocrine signalling, which affect downstream physiological processes regulating behaviour. Several studies have demonstrated that exposure of honeybee workers to pheromones causes changes in brain gene expression that are associated with downstream changes in behaviour [40, 107, 108] . For example, exposure of young honeybee workers to QMP causes significant changes in global brain gene expression patterns. These changes are behaviourally relevant: upregulated expression of genes that are upregulated in the brains of nurse bees (relative to foragers), and downregulated expression of genes that are upregulated in the brains of forager bees. These expression changes are consistent with behavioural and physiological data demonstrating that QMP delays the transition from nursing to foraging activities [83] .
There is evidence that the organization of pheromone-regulated social pathways in honeybees may be modified by social context and behavioural/physiological state. For example, unlike nurse bees, forager bees are not behaviourally or molecularly responsive to QMP, despite the fact that antennal responses to QMP are similar [90, 109, 110] . Worker bees in social groups will respond behaviourally and physiologically to alarm pheromone, but isolated bees do not, though antennal responses remain intact [111, 112] . Thus, the sensory module of the social pathway is functional, but the modules downstream that are involved in the processing or behavioural output are disabled or disconnected.
Studies with brood pheromone (BP) suggest that the connections between the modules of this social pathway may be labile. BP is produced by the developing larvae, and has different effects on nurses and foragers. BP delays the transition from nursing to foraging in young nurse bees [113] , but it stimulates pollen-foraging behaviour in forager bees [31, 114] . Exposure of young bees to BP shifts brain gene expression patterns to be more 'nurse-like', while exposure of older bees produces a more 'forager-like' brain expression pattern [107] . Thus, BP has age-or task-dependent effects on both behaviour and gene expression. These results suggest that the sensory module is intact, while the connections to the downstream processing or behavioural modules have been modified.
The above studies highlight the fact that pheromone-regulated social pathways can be modified by both social context and behavioural state. However, social pathways may also be the target of selective pressures, which result in population-or even species-level differences in the molecular response to social cues. For example, exposure of young honeybees to alarm pheromone (which stimulates defensive behaviour) has large-scale effects on brain gene expression that largely overlap with expression differences between Africanized and European bees, two races that are characterized by differences in aggression and response to alarm pheromone [108] . Thus, genotypic differences in behaviour may be associated with changes in expression patterns of modules associated with pheromone response.
In fire ants, interactions between queens and workers differ between two genetic morphs, and this may also be related to changes in social pathways. Fire ants exhibit a natural social polymorphism with monogynous (single queen) or polygynous (multiple queen) colonies. This polymorphism in social organization is associated with allelic variation in the gene encoding putative olfactory binding protein general protein-9 (Gp-9). Homozygous workers with the BB allele will only accept a single BB queen, while heterozygous workers will accept multiple Bb queens. This strong association between a putative odorant binding protein and a social phenotype is consistent with the hypothesis that changes in a pheromonal communication system affect social organization (reviewed in [115] ), perhaps at the level of the sensory detection module. However, Gp-9 allelic variation is also associated with a suite of queen-related behavioural and morphological traits, and thus may result from the combined effect of several genes linked to the Gp-9 locus, and not from the Gp-9 gene alone [106] .
In summary, the organization of pheromone communication systems is inherently modular, encompassing sensory detection, neural processing and downstream endocrine and behavioural changes. Within honeybees, there is evidence for plasticity in pheromone production and responses to pheromones. Responses to pheromones can be modulated by physiological, genotypic and social factors, and, in the examples highlighted above, appear to be due to changes in the processing or behavioural output modules. With the identification of genes associated with pheromone-mediated behavioural changes in honeybees, it now becomes feasible to bridge into other systems and determine whether these pathways are conserved. Queen regulation of worker reproduction is common across social insect species, making this an ideal system for studying the conservation or divergence of different modules in social pathways.
TASK-RELATED PLASTICITY IN THE CIRCADIAN CLOCKWORK
The circadian clock is an internal system that organizes the temporal physiology and behaviour of animals [116] . Socially regulated plasticity in circadian rhythms provides a good model for a social pathway because the circadian clock is one of the systems in which the relationships between genes and behaviour are best understood, and the molecular clockwork is a well-defined module. In addition, the circadian clock appears to play important roles in the temporal organization of insect societies, and thus was probably influenced by the evolution of social behaviour. For example, the circadian clock is involved in social synchronization of the behaviour of individual bees, in plasticity in circadian rhythms of queens that is associated with their reproductive status and in task related plasticity in circadian rhythms of workers that appears to contribute to the division of labour and overall colony efficiency (reviewed in [117] ).
Task-related plasticity in circadian rhythms was first discovered in the honeybee, where division of labour relates to age. Young bees (less than two weeks of age) typically perform activities inside the constantly dark and homeostatically regulated hive with no circadian rhythms. Foragers, which are typically older (more than three weeks of age), have strong circadian rhythms with elevated activity during the day in which they forage for nectar and pollen, while at night they sleep inside the hive [118 -121] . Differences in the exposure of nest bees and foragers to environmental factors such as light and temperature cannot account for this plasticity in circadian rhythms; the rhythms are strongly linked to the behavioural state of the bee. Nurses are active around-the-clock even when they experience a light -dark illumination regime that is similar to that of the foragers [121, 122] . In addition, an ontogeny of circadian rhythms similar to that seen in the hive is also evident in young bees that are housed individually or in small broodless groups in constant laboratory environment, consistent with the premise that the ontogeny of circadian rhythms is not regulated by changes in ambient illumination or temperature [123, 124] . The social context has profound influence on circadian rhythmicity in bees. Foragers switch back to activity with no circadian rhythms when induced to revert to brood care activity [125, 126] ; nurse bees switch to activity with robust circadian rhythms shortly after removal from the hive [122, 127] . Given the association between brood care and plasticity in circadian rhythms, it is not surprising that the brood is the most potent social factor influencing plasticity in the clockwork. Young honeybees that are confined to a broodless piece of comb or develop on empty combs in small cages do show robust circadian rhythms in clock gene expression, whereas full-sister bees of a similar age developing on a comb containing brood are active around the clock with attenuated molecular oscillations [127] .
The molecular module generating circadian rhythms in animals is well characterized; it consists of interlocked autoregulatory transcriptional/translational feedback loops with positive and negative elements [128] . This organizational principle of the circadian clock is manifested in an approximately 24 h cycle in both mRNA and protein abundance of a group of canonical 'clock genes', and provides the means to assess the molecular clockwork by measuring clock gene expression over the course of a day. The molecular clockwork in the honeybee appears to be in some characteristics more similar to that of mammals than to Drosophila. The honeybee genome does not encode orthologues for two of the canonical clock genes in Drosophila, Timeless (Tim1), and the Drosophila-type Cryptochrome (Cry-d, also known as Cry1), but it does encode the mammalian-type Cryptochrome (Cry-m, also known as Cry2), which is not encoded by the Drosophila genome [122, 129] . Taskrelated plasticity in circadian rhythms is associated Review. Social pathways and bee societies G. Bloch & C. M. Grozinger 2163 with plasticity in the molecular clockwork. Brain mRNA abundance of Per, Cry-m, Tim2 and Cycle show robust oscillations in foragers but not in nurses. Social manipulations uncoupling age and task indicated the temporal pattern of clock gene expression is linked more strongly to task than to age [122, 126, 130] . Taken together these studies suggest that the circadian system in social insects was coopted to organize individual behaviour such that it fits with the social environment.
Comparative studies support this hypothesis: there is a similar task-related plasticity in behavioural and molecular rhythms in the bumble-bee B. terrestris in which division of labour is based primarily on size rather than age as in honeybees [21, 131] , and in ants in which age-related division of labour evolved independently of that in honeybees [132, 133] . In the bumble-bees, large workers, that are more likely to perform foraging activity, emerge from the pupae with stronger circadian rhythms [21] , and more cells expressing the putative clock neuropeptide pigmentdispersing factor (PDF) [134] . This latter finding is different from the honeybee in which there are a similar number of PDF immunoreactive cells in nurses and foragers [135] . Thus, in bumble-bees with a size-based division of labour, developmental factors that control body size also appear to influence the structure of the circadian system. The plasticity in circadian rhythms is hypothesized to improve the division of labour and colony efficiency because around-theclock activity by nurses facilitates continuous brood care, whereas foraging behaviour relies on the circadian clock for timing visits to flowers and for time-compensated sun-compass navigation. This suggests that the evolution of sociality was associated with an increased plasticity in an integrative module, the circadian system, and with linking this module to sensory modules detecting signals from the brood. Little is known about the molecular pathways linking the clock to sensory modules and to downstream output pathways (figure 4).
But how did the clock of the worker evolve for this plasticity? In animals, including humans, imposing around-the-clock activity is typically associated with increased pathologies and deterioration in performance [116] . As reviewed above, it is commonly assumed that nursing behaviour in workers evolved from maternal behaviour in the ancestors of social insects. This hypothesis predicts an association between reproductive state and circadian rhythms in bees with developed maternal care. There is no information on the activity rhythms of solitary mother bees, but there is evidence suggesting that female cockroaches with active ovaries show attenuated circadian rhythms [136] , suggesting an interaction between reproductive physiology and the circadian system in this species. The association of maternal behaviour, reproductive state and circadian rhythms was investigated in the bumble-bee B. terrestris in which the mother queen cares for the first developing batch of brood. This study shows that queens with brood are active around the clock, but queens of similar age for which the brood was removed switched to activity with strong circadian rhythms [137] . Queens with only eggs were also active with no circadian rhythms, making it difficult to determine whether around-theclock activity is associated with brood care behaviour, reproductive physiology or both. In ants [138 -140] , and honeybees [141, 142] , egg-laying queens that do little, if any, maternal care are also active around the clock, suggesting an association of circadian rhythmicity with reproductive physiology, but not with brood care in these species. Thus, pathways that regulate reproductive physiology, maternal behaviour or both may be involved in regulating plasticity in circadian rhythms.
Little is known about pathways linking reproductive physiology and the circadian system. Manipulations of JH levels in honeybee workers or cockroaches did not affect their behavioural rhythms or the pattern of brain clock gene expression [136, 143, 144] . The involvement of insulin signalling has not yet been explored in bees but there is some evidence that these two systems interact. In Drosophila, elevated insulin signalling and FOXO mutations increase the susceptibility of the circadian clock to oxidative stress. FOXO mutations also advanced ageing-related attenuation of circadian rhythms [145] . In addition, nutrition and metabolism, which are regulated by insulin signalling, have diverse A simplified scheme for a social pathway associated with task-related plasticity in circadian rhythms. Nurse bees that interact with the brood are active around the clock with no circadian rhythms in behaviour or brain clock gene expression. Nurse bees that do not interact with the brood switch to activity with strong behavioural and molecular circadian rhythms. The brood signal and the sensory system detecting and conveying this information to the circadian clock network are yet unknown. It is not known whether social signals influence the circadian system via dedicated clock input pathways or indirectly by changing motor activity or arousal state which then act on the circadian system. Other details as in figure 3 .
influences on circadian rhythms (reviewed in [146] ). The IIS pathway is also a good candidate to influence size-related variation in the circadian system of bumble-bees because it plays a major role in the regulation of cell number and body size [147, 148] . A better characterization of the environmental and neuroendocrine regulation of the circadian system in social and solitary bees is necessary for understanding the social pathways underlying plasticity in circadian rhythms and their relationships with pathways regulating reproduction and nutrition.
CONCLUDING REMARKS
The recent development of genomic and molecular tools has revolutionized the study of insect sociobiology. Thus far, many of the studies that we reviewed suggest that modifications in core pathways, such as insulin signalling, the circadian system, reproductive physiology and hormone signalling, play key roles in the evolution of social behaviour. However, how these conserved molecular pathways are incorporated into a social pathway-and especially how they have been linked to social communication systemsremains to be elucidated. One obvious limitation of our current state of knowledge is that most of the characterized modifications were inferred from comparisons between the highly social honeybee and the solitary fruitfly D. melanogaster. Thus, it is difficult to separate changes that are genuinely associated with social evolution from those related to phylogenetic variation between bees and flies, given that these lineages are estimated to have diverged over 300 Ma [149] . With the anticipated sequencing of the genomes of several bee species in the near future (G. Robinson 2010, personal communication) , and the increasing accessibility of genomic technologies, it will become possible to conduct more informative comparative genomics analyses involving closely related solitary and eusocial species. Key bee species for socio-comparative genomics include halictid bees, a family of bees showing all levels of sociality, and Euglossine (orchid) bees, bumble-bees and stingless bees, which are closely related to honeybees.
Another key challenge is to determine whether there are specific elements or modules of social pathways that serve as the main targets of social evolution. For example, it is possible that core pathways remain intact and highly conserved from solitary to eusocial species, while sensory modules regulating detection of a social signal are modified such that the behaviour is expressed in a social context. Are there specific 'hot spots' that are a common target for the modifications associated with social evolution? It is also important to determine whether social pathways are indeed modular, and whether these modules are subject to different selection pressures. Alternatively, selection may operate by targeting highly pleiotropic genes that may act as 'prime movers' for evolutionary changes. For example, many of the studies that we reviewed above suggest that modifications in insulinsignalling pathways were important in the evolution of social behaviour in bees (e.g. longevity, reproduction and feeding behaviour). Does this emphasis of IIS pathways represent the current state of knowledge and research focus, or did the evolution of sociality in bees indeed involve only a few modifications in key pathways, such as insulin signalling, which act upstream of diverse processes involved in social behaviours? In order to answer these questions, it will be necessary to develop genomic resources in a range of species, from solitary to social, and to characterize the genes and pathways regulating similar behavioural processes. With the recent genomic sequencing of Nasonia [150] , ants [151] , transcriptome sequencing of P. metricus [59] and Polistes dominulus (Toth & Grozinger 2011 , unpublished data) and ongoing sequencing projects for a number of other bee species, it will soon be possible to address these questions.
